Since the discovery of the ubiquitin system and the description of its important role in the degradation of proteins, many studies have shown the importance of ubiquitin-specific peptidases (USPs). One special member of this family is the USP18 protein (formerly UBP43). In the past two decades, several functions of USP18 have been discovered: this protein is not only an isopeptidase but also a potent inhibitor of interferon signaling. Therefore, USP18 functions as 'a' maestro of many biological pathways in various cell types. This review outlines multiple functions of USP18 in the regulation of various immunological processes, including pathogen control, cancer development, and autoimmune diseases.
Structure and functional domains of USP18
Ubiquitin-specific peptidase 18 (USP18) is known as an ISG15 isopeptidase and a negative regulator of type I and type III interferon signaling.
1,2 The Usp18 gene was originally called Ubp43 because it encodes a 43-kDa protein homologous with ubiquitin-specific proteases (UBPs). It was first cloned by Liu et al. 3, 4 from mice expressing the leukemia fusion protein AML1-ETO and later by other groups from virus-infected porcine alveolar macrophages 5 and human melanoma cell lines. 6 The gene and protein were renamed Usp18 and USP18, respectively, according to the systematic nomenclature suggested by Baker et al. 7 for UBPs and ubiquitin-like (Ubl) proteins. On the basis of its amino-acid sequence, USP18 is a member of the USP family, which is responsible for removing ubiquitin or Ubl proteins from their conjugated substrates.
The Usp18 gene spans 25.01 kb on mouse chromosome 6 and includes 11 exons. The transcript of 1771 bps is translated as a protein with 368 amino acids (aa). The protein shares catalytic domains of UBPs. In the mouse, a mutation of the USP18 protein within the Cys box at position 61 completely abolishes the isopeptidase activity of the protein by replacing the active site of cysteine C61 with codon specific for alanine C61A. However, not only the Cys box is responsible for isopeptidase function, but also the His box and the Asn residue 8 ( Figure 1 ). Another functional domain specific for USP18 has been mapped from exon 9-11 (aa 312-368); this domain facilitates binding to the intracellular domain of the IFNAR2 subunit in order to regulate interferon signaling 9 ( Figure 1 ). Binding to IFNAR2 is abolished by a mutation at position 361 of the USP18 protein, 10 a mutation that was induced by N-ethyl-N-nitrosourea mutagenesis, 11 and mouse strains carrying this mutation are called Usp18
Ity9 . In humans, two isoforms of USP18 have been described. 12 They differ in their N-terminal region because of translation from a non-canonical rare start codon CUG; this translation produces a full-length protein or a canonical start codon, AUG, and results in the N-terminal truncated isoform USP18-sf. Although USP18 is mainly located in the cytoplasm, USP18-sf is evenly distributed in the cytoplasm and the nucleus. Both proteins maintain their functional activity in term of enzymatic and IFNAR2 binding ability, but the USP18-sf isoform is the main delSGylation enzyme for nuclear proteins and therefore may serve cell-specific functions. In addition, because USP18-sf is controlled by two independent mechanisms, its regulation is more flexible. Additional studies are needed to characterize the role of each isoform and to determine whether the regulation pathway can influence the outcome of USP18 function. 12 
Expression of USP18
USP18 expression is detectable in several tissues but at different levels. For instance, high expression of Usp18 has been measured in liver, spleen, and thymus. 3, 13 However, a low but clearly detectable level of USP18 expression has been seen in bone marrow, adipose tissue, and lung tissue. 3 The expression of USP18 has been studied in a wide spectrum of cells. For example, in our earlier studies we detected high levels of USP18 in CD169 + macrophages and bone marrow-derived DCs, but we found no USP18 in lung fibroblasts and bone marrow-derived macrophages. 14, 15 A high level of USP18 expression has also been measured in peritoneal macrophages and monocyte-derived macrophages 3, 13 and in two murine monocyte-related cell lines, RAW 264.7 and M1.
3 USP18 is also expressed in various lymphatic and hematopoietic cell populations, including splenic Tand B cells. In T cells, USP18 is highly expressed in naive, effector/memory, and natural regulatory T cells. 16 Microarray data indicate that a high level of Usp18 expression is also maintained in T helper 0, Th1, and Th17 cells but is diminished in Th2 cells and inducible regulatory T cells. 16 However, the expression level of USP18 is differently regulated during T cell activation, tolerance, and effector differentiation. 16 USP18 is induced by IFN-β not only in lymphocytes but also in HO-1 human melanoma cells, 6 in Huh-7.5 cells treated with irrelevant small-interfering RNAs, 17 in the choroid plexus and in ependymal cells. 18 Moreover, transfecting human hepatoblastoma HepG2 cells with hepatitis B virus (HBV) genome increased the expression of USP18 in those cells. 19 The Usp18 gene is rapidly and strongly upregulated after viral infection or by type I and type III IFNs, 1, 6, 13, 19, 20 lipopolysaccharide (LPS), 21, 22 tumor necrosis factor alpha (TNF-α), 22 or genotoxic stress 13, 23 ( Figure 2a ). USP18 is degraded by proteasomes. 24, 25 In most species, USP18 maps to a different chromosome ( Table 1) .
The absence of USP18 strengthens the signaling of IFN-I and IFN-III; 1, 2 and is associated with prolonged Janusactivated kinase/signal transducer and activator of Figure 1 Structure and functional domains of Usp18. The figure shows the structure of Usp18 in Mus musculus. Usp18 is localized on chromosome 6 and consists of 11 exons. The protein is characterized by two functional domains: The isopetidase activity site and IFNAR-binding site. For the isopeptidase function, two boxes (Cys, His) and the amino acid Asn at position 314 are essential. A mutation in C, H, or N (red), respectively, can abolish the isopeptidase activity. The IFNAR2 binding site is located from exons 9-11. A mutation in amino-acid position 361 from Leucine (L, red) to Phenylalanine (F) in exon 11 disables USP18 protein from binding to the IFNAR2 subunit In addition, absence of USP18, which cleaves ISG15 from its target protein, prolongs ISG15-mediated ISGylation. 2, 9 Usp18-deficient cells exhibit high sensitivity to treatment with IFN-I, Poly I:C, and LPS. Treating Usp18-deficient hematopoietic cells with Poly I:C decreases the number of white blood cells since apoptosis is not prevented by USP18. 26 Moreover, knocking down USP18 markedly enhances the NF-κB signaling induced by various TLR ligands. 23 A study using an oncogenic cell line (E1A cells) found that USP18 activates the extrinsic TNF-related apoptosis-inducing ligand (TRAIL) pathway after IFN-α challenge. 27 In human promonocytic THP-1 cells, the expression of proinflammatory cytokines such as TNF-α, interleukin-6 (IL-6), and IL-1β is significantly higher when USP18 is silenced with siRNA. 23 Interestingly, in contrast to E1A cells, Usp18-deficient murine bone marrow cells and THP-1 cells that have been treated with IFNα/β do not experience apoptosis after treatment with TRAIL or FASL. 28 However, IFN-α/β still triggers apoptosis in these cells through the mitochondrial pathway and the reactive oxygen species pathway, 28 a finding indicating that USP18 influences cell survival in various pathways depending on the cell type.
Usp18-deficient mice
The generation of Usp18-deficient mice gave researchers the opportunity to examine many immunological mechanisms and disorders. 18 Initially, Usp18 −/− mice were generated on a mixed Sv129-C57BL/6 background. These mice are born at a normal ratio of WT to heterozygous littermates; however, homozygous knockout mice die of hydrocephalus 2-19 weeks after birth. 18 Further analysis showed that the difficulties in generating viable Usp18 −/− mice on a C57BL/6 background occurred because the deletion of USP18 results in an increase in the concentration of free and conjugated ISG15 at the fetomaternal interface and leads to fetal death. 29 
Figure 2
Regulation and function of USP18. (a) USP18 is upregulated through different signaling pathways (genotoxic stress, TNFR1, TLR4, IFNLR1/IL10R2, and IFNAR1/ IFNAR2). USP18 itself regulates signaling through a negative feedback mechanism either by inhibiting the binding of JAK1 to the IFNAR2 subunit or the IFNLR1 subunit, or by inhibiting the ubiquitination of the TAK1-TAB complex of TNFR1. (b) After ISGylation of ISG15 via a three enzymatic process, USP18 can deISGylate the ubiquitin-like protein ISG15 from ISG15-conjugated substrate by cleaving the isopeptide bond between ISG15 and the substrate. Lacking of USP18 leads to an increase signaling of IFN-I, IFN-III, TNF-α and high levels of conjugated ISG15 Interestingly, knockout mice generated on the FVB/N genetic background are more viable and do not exhibit the severe neurological symptoms that occur in mice generated on a C57BL/6 background, which develop brain injury because of necrosis of ependymal cells. 18 This finding indicates that strain-specific modifiers may influence the neurological disorders and lethality induced by the absence of USP18. Although the role of ISG15 in embryonic development has been demonstrated, 29 the neurological disorders in Usp18 −/− mice are not related to high expression of ISG15, because hydrocephalus also develops in mice with double knockout of Usp18 and Isg15. 30 Homozygous Usp18-deficient mice are hypersensitive to IFN-I and die within 72 h after treatment with synthetic double-stranded RNA Poly I:C. 26 A recent study showed that strong signaling of IFN-I in Usp18 −/− mice increases RANKL-mediated osteoclast differentiation and elevates the induction of osteoclastogenic cytokines such as IP-10 and IL-6, which causes osteopenia.
31
Usp18 knockout mice are more resistant to intracerebral infection with LCMV and VSV 32 but also display increased mortality to intravenous viral infection, as discussed below.
To study specifically the enzymatic activity of USP18, Ketscher et al. generated a mutant mouse strain that lacks the isopeptidase activity of USP18. Using a knock-in targeting strategy, they replaced the enzymatic active site of cysteine (C61) with a codon specific for alanine (C61A). In contrast to Usp18 knockout mice, Usp18
C61A/C61A mice do not exhibit brain abnormalities or increased lethality. They exhibit high levels of ISG15 conjugates but normal IFN-I signaling. 33 
Functions of USP18
Role of Usp18 in cell development CD11b + DCs: USP18 is involved in the development of conventional CD11b + DCs. An in vitro study showed that the generation of BMDCs by Usp18-deficient mice is impaired. This defect is due to the suppressive role of Usp18 on the IFN-I pathway, because DC development is also impaired after treatment with IFN-I. In vivo, the spleen and bone marrow of Usp18-deficient mice contain fewer CD11b + DCs than WT mice. Conventional CD11b + DCs are developed via the IFN-I pathway independent of the role of USP18 in deconjugation of the Ubl protein ISG15. 35 Th17 cells are involved in autoimmune diseases such as multiple sclerosis (MS). Recently, Liu et al. 16 found that USP18 is necessary for Th17 differentiation and autoimmune response. USP18 can inhibit the ubiquitination of the TAK1-TAB complex, thereby inhibiting IL-2 production and promoting IL-17 production and synthesis.
Role of USP18 as an ubiquitin-specific peptidase
In mammalian cells, many proteins are modified by ubiquitination, a process which is important for different vital events. For instance, the ubiquitin pathway is essential for cell cycle, 36 cell differentiation, and proliferation. 37 This pathway mediates protein degradation, 38 turnover of transport proteins, 39 and transcription activation. 40 At the immune level, this pathway is essential for antigen presentation. 41 These mechanisms are controlled by a wide spectrum of enzyme family members called UBPs, which remove ubiquitin from a large range of protein substrates. 42 The family members vary in size and in amino acid sequences, but they all share six conserved regions.
8 UBP43 (Usp18) is one member of this ubiquitin protease family; [3] [4] [5] 13, 42, 43 it controls the protein binding of Ubl protein ISG15. After stimulation with IFN-α/β, ISG15 is upregulated and conjugated to various cellular substrates through a three-step enzymatic cascade: 44, 45 E1-activating enzyme (UBE1L), 46 E2-conjugating enzyme (UBCH8), 47, 48 and various E3 ligases 49, 50 ( Figure 2b ). This conjugation mechanism is reversible and is controlled by the isopeptidase active site of IFN-inducible cysteine protease USP18. 13 This functional domain includes the cysteine box with a cysteine residue, a histidine box with a histidine residue as well as an adjacent asparagine. These sequences are necessary for the function of the enzymatic activity of USP18. 42, 51 Cross-talk occurs between ISG15 and USP18. ISG15 itself can stabilize USP18; this stabilization is important for preventing the undesirable autoinflammatory effect of sustained IFN-α/β. 52 Interestingly, this phenotype was observed only in human cells but not in murine cells. 53 Unlike humans, IFN-I signaling is downregulated in mice regardless of ISG15 competency. 53 In addition to ISG15, USP18 also specifically inhibits K63-linked ubiquitination of NEMO, leading to the negative regulation of NF-κB activation induced by the TAK1-TAB complex. 16, 23 A recent study found that USP18 can enhance the cellular transport rate in Xenopus laevis oocytes by increasing the activity of PEPT1 and PEPT2; this activation was believed to be due to the reversal of ubiquitination and the subsequent degradation of carrier protein. 54 
Role of USP18 during viral infection
Interferon-I signaling is mastered through the binding of IFN-I to the heterodimeric interferon receptor, which consists of two subunits: IFNAR1 and IFNAR2. Both subunits are associated with kinase activity. IFN-I binding leads to phosphorylation of JAK1 and TYK2 and in turn to phosphorylation of STATs, which initiate the transcription of antiviral genes by binding to the interferon-stimulated response element. 55 USP18 is considered to be a negative regulator of the IFN-I pathway by inhibiting JAK-STAT signaling 13, 26 (Figure 2a ). This function is independent of its activity as an isopeptidase.
9 USP18 itself is upregulated in the presence of IFNs through the activation of the JAK-STAT signaling pathway. 6, 20 In turn, USP18 specifically binds to the IFNAR2 subunit and thereby prevents the phosphorylation of JAK1 by blocking the interaction of JAK1 and the IFNAR2 subunit and downstream signaling. 9 This phenotype cannot be explained by the delSGylation activity of USP18, because deleting ISG15 or the ISGylation-activating 53 This means that, in humans, ISG15 can also be considered as a good target protein by which we can strengthen IFN-I signaling and reduce viral replication.
In the absence of USP18, the phosphorylation of STAT1 and STAT2 is prolonged, 58 and the expression of hundreds of antiviral genes, chemokines, cytokines, and antigenpresenting genes is enhanced, as confirmed by microarray data. 59 Additional in vitro studies found that the growth of PRRSV is restricted in Usp18-overexpressed MARC-145 cells. 51, 60 This restriction is due to increased nuclear translocation of transcription factor p65 and decreased nuclear translocation of p50. 60 An in vivo study found that Usp18-deficient mice exhibit less replication of various viruses, including LCMV 15 and VSV. 14 The antiviral effect is not due to enhanced ISGylation of ISG15 in the absence of USP18, because Isg15-deficient mice do not exhibit any antiviral impairment after infection with LCMV or VSV. 56 In Addition, Usp18 knockout mice exhibit less replication of several other viruses, such as HBV, 61, 62 Sindbis virus, 63 influenza B virus, 46 HIV, 64 and others in which the ISGylation pathway is involved [65] [66] [67] [68] [69] (Table 2 ). Not only viral infections but also sterile inflammation, which can be induced through different stimuli (chemical, physical, or metabolic noxious), 70 can increase the USP18 expression through certain inflammatory cytokines (TNF-α and LPS), which impairs IFN-I responses and viral control. For example, ischemic reperfusion injury upregulates USP18 expression in the liver and induces an IFN-α refractory state. 22 That may raise the risk of an opportunistic viral infection.
Role of USP18 in enforced viral replication. The innate immune system reduces viral replication via IFN-I; this reduction is essential for inhibiting the spread of virus to other organs. Simultaneously, it reduces the presentation of viral antigens to cells of the adaptive immune response. Because the amount of antigen is positively correlated with the degree of activation of the adaptive immune system, 71, 72 IFN-I can act as a double-edged sword. In our previous work using mice infected with VSV, we found that macrophages capture virus particles and suppress viral replication in the liver and the red pulp of the spleen in an interferon-dependent manner.
14 However, the high expression of the gene encoding the inhibitory protein USP18 in CD169 + metallophilic macrophages reduces the responsiveness to IFN-I, which allows locally restricted replication of virus. This replication is essential to activate the adaptive immune system and to prevent the fatal outcome of infection (Figure 3a ). An additional study showed that the same mechanism can lead to autoimmune diabetes as discussed below.
Role of USP18 in antibacterial response
As shown above, USP18 influences numerous cellular signaling and biological functions. Consequently, many researchers have studied the role of USP18 during bacterial infection. The results show that strong IFN-I signaling resulting from the absence of USP18 leads to less growth of Salmonella typhimurium in Usp18 knockout mice than in control mice. 21 However, survival rates are slightly higher for Usp18-deficient mice because of their hypersusceptibility to LPS challenge. A more recent study by Richer et al. found that a missense mutation (ENU-induced mutation) in Usp18 lty9 mice leads to lethal susceptibility to S. typhimurium and that the bacterial titer in liver and spleen is higher in these mice than in WT mice. 11 Moreover, infection with S. typhimurium enhances IFN-I signaling and inflammatory response in Usp18 lty9 mice. This immunological response is explained by the impairment of STAT4 phosphorylation and IFN-γ production as the result of STAT1 hyperactivation. 11 Another group of researchers attributed the susceptibility of Usp18 lty9 mice to S. typhimurium or Mycobacterium tuberculosis infection to elevated levels of IL-10, IL-1β, or IL-17, in addition to the deregulation of autophagy markers.
10 Surprisingly, the contradictory nature of these two results obtained with Usp18 knockout mice and Usp18 lty9 mice can be explained by either the different backgrounds of the mice or the specific ENU-induced mutation of Usp18. Other studies demonstrated the upregulation of USP18 during infection with Rickettsia conorii. As expected, this upregulation inhibits IFN-I-induced genes in human microvascular endothelial cells; however, whether USP18 plays a role in controlling bacterial infection has not yet been fully clarified. 73, 74 Role of USP18 in autoimmune diseases Autoimmune diabetes. Autoimmune diabetes, also called diabetes mellitus type 1, is characterized by the destruction of insulin-producing beta islet cells in the pancreas. The priming of autoreactive CD8 + T cells requires the presentation of autoantigen to CD8 + T cells. This presentation can occur during a viral infection that resembles cross-reactive epitopes of beta islet cells. DCs are considered to be mainly responsible for this process. A mouse model showed that the absence of DCs inhibits the viral replication that resembles autoantigen and, consequently, inhibits the onset of diabetes. Because DCs express more USP18 than do other types of cells, the lack of a response to the antiviral effect of IFN-I leads to augmented viral replication and a sufficient amount of autoantigen. Knocking down USP18 expression inhibits viral replication and consequently does not lead to autoimmune diabetes 15 ( Figure 3b ). Further studies show that the expression of USP18 by beta islet cells themselves is important for inhibiting diabetes. 75, 76 On the one hand, the upregulation of USP18 expression by IFN-I in beta islet cells prevents the activity of proinflammatory chemokines such as CCL5, CXCL10, and IL-15 and consequently inhibits insulitis. On the other hand, the upregulation of USP18 inhibits beta cell apoptosis. 75, 76 MS. IFN-β is considered the first line of therapy against MS. 77, 78 IFN-β can induce USP18 expression through IFNAR. 6 In turn, USP18 inhibits IFN-β signaling. It was recently shown that USP18 is found in microglia, tissueresident macrophages in the central nervous system. These macrophages have an essential role in controlling tissue homeostasis, and disorders in the function of microglia can lead to neuroinflammatory diseases. The presence of USP18 in microglia is essential for keeping them in a quiescent state. 79, 80 When USP18 is absent, the microglia undergoes a prolonged period of activation of STATs, leading to microgliopathy.
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USP18 is also involved in the differentiation of CD4 + T cells into Th17 cells, as discussed above. Th17 cells are widely Figure 3 Role of USP18-dependent enforced viral replication in activation of the adaptive immune system and onset of diabetes mellitus type I. (a) USP18 inhibits IFNAR signaling, which leads to enforced viral replication in CD169 + macrophages. This replication guarantees sufficient amount of antigen, which is processed and presented via MHC complexes to activate the adaptive immune system. Lack of USP18 strengthens the IFN-I signaling, inhibits viral replication and reduces the presentation of processed antigen and consequently diminished adaptive immune system activation. (b) In case of enforced viral replication in dendritic cells of a virus resembling an autoantigen, autoreactive CD8 + T cells will be primed, which leads to autoimmune diseases such as type I diabetes, whereas USP18 deficiency reduces the priming of autoreactive CD8 + T cells and onset of autoimmune diabetes owing to inhibition of enforced viral replication A study using Usp18-deficient mice found that the disease score of EAE is significantly lower than in WT mice, 16 a finding that demonstrates the important role of USP18 in the progression of MS.
Interestingly, in humans, USP18 expression is lower in MS patients than in healthy persons. 81 A genetic study found that MS is associated with two SNPs, rs9618216 (C/T) is located in the promoter region of USP18 and rs2542109 (A/G) in the fourth intron of the USP18 gene. The USP18 haplotype, TG is associated with risk to MS, whereas the haplotype CG is protective. 82 
Impact of USP18 in tumor development
Yan et al. 83 found that USP18 affects tumor progression because of its effects on interferon signaling. Using a wellestablished mouse model of BCR-ABL-induced chronic myelogenous leukemia-like myeloproliferative disease, they showed that USP18 has an important role in regulating the latency and severity of leukemia development. 83 The absence of USP18 in the breast cancer cell line MCF-7 results in an increase in the induction of apoptosis by chemotherapy and treatment with IFN-α. 27 Silencing USP18 in glioblastoma cells produces similar results, 84 a finding suggesting that strengthening the IFN-I pathway by silencing USP18 elicits apoptosis in drug-treated cells with robust caspase-8 and caspase-3 activation independent of the mitochondrial pathway. 27 The direct effect of USP18 on tumor progression has been studied with leukocytes. UBP43 can be considered as an antineoplastic target for the treatment of APL. Because USP18 directly regulates the growth of APL cells, knocking down USP18 reduces cell growth and induces apoptosis. 85 In addition, USP18 expression has been detected in several types of human malignant tissues, such as kidney and prostate tissues. 86, 87 An increase in USP18 expression specifically stabilizes cyclin D1, not only in a mouse model but also in clinical studies. 86, 88 Moreover, the role of UBE1L in repressing cyclin D1 has been described in diverse types of cancers. 89, 90 USP18 is also directly involved in cell proliferation: higher expression of USP18 is associated with faster proliferation. In both murine and human cell lines, an increase expression of USP18 is associated with the activity of WT1. WT1 binds directly to the Usp18 promoter and suppresses its transcription. These findings illustrate the important role of USP18 in tumorigenesis of the kidney. 87 Another mechanism that rules out the importance of USP18 in tumor progression was found in a PyVmT model of mammary tumorigenesis. The absence of USP18 leads to the high production of T cell chemoattractant CXCL10 by mammary epithelial cells, and this increased production creates a tumor-suppressive microenvironment by recruiting CD4 + T cells. 2 In addition, USP18 has been found to inhibit TRAIL-induced apoptosis independently of the deISGylation pathway. 91 Furthermore, the depletion of USP18 leads to a strong increase in the levels and activity of miR-7, and this activity in turn decreases the expression of EGFR, leading to apoptosis and control of cancer cells. 92 Hong et al. 93 found that IFN-γ can induce USP18 in tumor cells and that this protein plays an important role in inhibiting tumorigenesis and maintaining antitumor immunity. Increasing the expression of USP18 in tumor cells suppresses tumorigenesis, whereas reducing its expression stimulates tumor development and decrease immunosurveillance. Moreover, USP18 expression in tumor cells regulates the exogenous production of IFN-γ and the persistence of antigen-specific CTLs in the tumor microenvironment. 93 A recent study showed that USP18 can predict the survival of patients with MIBC. Longer cancer-specific survival is associated with decreased expression of USP18 with or without the expression of the DGCR2 gene. 94 
Conclusion
In summary, USP18 is a novel protein that can affect cell viability at various cellular levels. Targeting this molecule may Figure 4 Multiple functions of USP18. The figure shows the multiple immunological and biological functions of USP18 in cell and organ development, infection, autoimmunity and tumor immunology (Figure 4 ). For instance, some vaccines should be weakened and not completely inactivated in order to generate memory B cells. According to this fact, upregulation of USP18 in macrophages and DCs will allow more sufficient amount of antigen and thereby may be useful during vaccine administration. Vice versa, downregulation of USP18 expression in antigen-presenting cells can be helpful not only to increase the antiviral signaling of IFN-I but also to reduce the amount of autoantigen and induction of autoimmune diseases.
In both cases, we should take into consideration the yin and yang effect of IFN-I. 95 For tumor treatment, the role of USP18 is still controversial. On the one hand, USP18 has a negative role either by inhibiting the antitumor effect of IFN-I or by accelerating the cell proliferation. On the other hand, it regulates the exogenous production of IFN-γ and the persistence of antigen-specific CTLs in the tumor microenvironment, which suppresses tumorigenesis. According to that, further studies are still needed in order to show whether up-or downregulation of USP18 in each specific tumor type is beneficial or not.
In general, owing to the multiple functions of USP18 and its expression in various cell types, it would be complicated to generate one drug that can be used to treat all the diseases in which USP18 is involved. We believe that this difficulty can be resolved by using targeted drug delivery. Such technology would be the best strategy to overcome the protein's wide expression and will allow recovery from various types of immunological dysfunctions.
